Locally aluminum-doped p-type silicon regions are formed by in-line high-rate evaporation of aluminum. We deposit aluminum layers of 28 μm thickness at dynamic deposition rates of 20 μm m/min on locally laser-ablated Al 2 O 3 / SiN x passivation layers. Due to the high substrate temperature of up to 778°C during deposition an Al-doped p + region is formed. Using the camera-based dynamic infrared lifetime mapping technique we determine a contact recombination velocity of 1000 100 cm/s for local Al-p + regions on p-type silicon wafers of 1.5 cm resistivity. The recombination velocity between the contacts is determined to 4.4 0.5 cm/s after deposition.
Introduction
The rear side of a standard industrial-type silicon solar cell is contacted by screen-printing. This process has three steps: (i) An aluminum paste is printed onto the silicon wafer, (ii) the paste is dried at a temperature of 200°C, and (iii) the Al paste is fired in a belt furnace at peak temperatures of 850°C [1] . The firing provides an ohmic contact on the entire rear side and also forms an aluminum-doped p + (Al-p + ) region, which reduces the rear surface recombination. As an alternative metalization scheme the in-line high-rate evaporation of aluminum has recently been introduced [2, 3] . Similar to the screenprinting, drying and firing process an ohmic contact and an Al-p + region is formed by single evaporation of aluminum. In Refs. 2 aluminum layers of up to 28 μm thickness were deposited at dynamic deposition rates of 20 μm m/min. The deposition leads to an increase in wafer temperature due to the enthalpy of deposition. The maximum substrate temperatures during the deposition are well above the eutectic temperature of the Al-Si system and thus are leading to the formation of highly aluminum-doped p-type silicon regions. The Al-p + regions are formed on the complete rear side and emitter saturation current densities of (695 65) fA/cm 2 for the fully metalized Al-p + regions are determined [2] . This corresponds to an implied solar cell open-circuit voltage of only (635 2) mV thus limiting the energy conversion efficiencies of solar cells. Higher open circuit voltages can be achieved by a passivated and only locally contacted rear side [4, 5, 6] . In this paper, we present the formation of locally aluminum-doped p-type silicon regions by a single in-line high rate evaporation process without any further temperature treatment.
Sample preparation
For the S eff measurements we fabricate asymmetric test structures where both sides are well passivated with a stack of atomic-layer-deposited (ALD) aluminum oxide Al 2 O 3 and plasma-enhanced-chemicalvapor-deposited (PECVD) silicon nitride SiN x . The p + region is prepared on one side of the samples by local laser ablation of the dielectric stack and subsequent high-rate Al deposition. For the sample preparation we use 2.5 2.5 cm², single-crystalline, (100)-oriented and 270 μm thick p-type float-zone (FZ) silicon wafers of 1.5 cm resistivity. After KOH etching and RCA cleaning we deposit on both wafer sides a 10 nm thick ALD-Al 2 O 3 layer and a 90 nm thick PECVD-SiN x layer with a refraction index of n = 2.05 at a wavelength of = 632 nm [7] . For the single sided contact openings laser pulses of 8 to 9 picoseconds at a wavelength of 532 nm are applied to the samples using a Nd: YVO4 laser. The contacting scheme consists of parallel line contacts with a width of b = 85 μm and a period length of p = 2000 μm. Finally, we evaporate Al layers of 13, 20, and 28 μm thickness on the locally opened wafer side. The Al deposition process parameters are summarized in Table 1 . All processes are carried out at dynamic deposition rates of r = 20 μm m/min using an in-line highrate metallization system (ATON 500 from Applied Materials). Figure 1 shows a sketch of the deposition process. The high deposition rate leads to an increase in the wafer temperature of up to 778°C (simulated). No active heating is applied. We calculate the substrate temperature using two-dimensional finite-element simulations [8, 9] . The simulations are based on a simplified model of the heat flows j during evaporation. These heat flows into and out of the wafer are caused by the enthalpy of deposition of aluminum and heat radiation of the wafer. Please note that phase transitions are not considered in the simulation. The simulation has been verified with temperature measurements at deposition processes with a dynamic deposition rate of r = 5 μm m/min leading to maximum substrate temperatures of 400°C. Simulated and measured peak temperatures agree within 3% [8, 9] . Figure 2 shows the calculated substrate temperature for three deposition processes with layer thicknesses d of 13 μm, 20 μm, and 28 μm. Table 1 ) deduced from numerical simulations. The Si wafer thickness is fixed at W = 270 μm. The increase in temperature is caused by the deposition of aluminum.
Experimental results
The deposition of Al layers of 20 μm and 28 μm on 270 μm-thick Si wafers leads to temperatures well above the eutectic temperature of 577°C of the Al-Si system. Thus, an Al-p+ region forms similar to the screen-printing process. Please note that the temperature during deposition depends on the ratio of wafer thickness W and Al layer thickness d. Using thinner Si wafers at fixed Al layer thickness leads to higher temperatures and thus the formation of an Al-p + region is also possible by depositing Al layers < 10 μm. The integration of a heater in the deposition system could further decrease the Al layer thickness, which is required for the formation of an Al-p + layer. The high temperature during evaporation improves the passivation quality of the Al 2 O 3 -SiN x stack [10, 11] . On symmetric reference samples passivated with an Al 2 O 3 -SiN x stack we measure surface recombination velocities (SRV) of S Al2O3 25 cm/s before and of S Al2O3 5 cm/s after Al deposition. Effective SRV S eff are obtained from metalized samples using the camera-based dynamic infrared lifetime mapping technique (dyn ILM) [12, 13] . We do not observe an injection-dependent lifetime in the range from n = 10 14 3 10 15 and extract the effective surface recombination velocities S eff from the measured lifetime at an injection level n = 2x10 15 cm 3 on an area of 2 2 cm² using the equation [14] ,
where W is the wafer thickness. It is assumed that the excess carrier concentration n is uniform throughout the base, which is not strictly valid for large surface recombination velocities. We assume that the bulk lifetime of the substrate is Auger-limited [15] . Figure 3 shows cross-sectional SEM images of the evaporated local Al-p + samples of the three deposition processes 1 through 3. The images are obtained from an ultra-high resolution Hitachi S-4800 field emission SEM. The Al-doped p + -region appears brighter than the high-resistivity bulk of the silicon wafer due to the potential contrast [16] . Process 1 from Table 1 results in a temperature of max = 560°C, which is below the eutectic temperature of 577°C, thus an Al-p + region has not formed [see Figure 3 (a)]. Process 2 results in wafer temperatures of max = 640°C, leading to the formation of an Al-p + region. Nevertheless, Figure 3 (b) shows a discontinuous aluminum-doped region. The Process 3 from table 1, where a peak substrate temperature of max = 778°C has been simulated, results in a completely closed Al-p + region within the contact openings as shown in Figure 3 (c) . From this SEM image we determine the Al-p + depth to be (5 ± 3) μm. At temperatures above the eutectic temperature silicon dissolves into the aluminum layer. The passivation layer acts hereby as a diffusion barrier and the alloying process can only take place in the area of the local openings. This results in the surface morphology shown in Fig. 6 (b) and (c). Please note, that the width of the line contacts after the formation of the Al-p + region increases to b = 120 μm. A detailed analysis of the contact formation of local Al alloyed Si contacts is given in Ref. [17] . Figure 4 shows the measured rear SRV S eff depending on Al layer thickness. Process 1 (see Table 1 ) with an Al layer thickness of 13 μm is not leading to the formation of an Al-p + region. The corresponding recombination velocity is S eff = (114 ± 15) cm/s. Processes 2 and 3 (see Table 1 ) lead to the formation of an Al-p + region and are thus reducing the effective SRV. Process 2 results in a SRV of (99 ± 10) cm/s and process 3 in a value of (50 ± 5) cm/s. Latter value is in the same range as published SRVs of screen-printed local Al-p + regions [6] . We extract the contact recombination velocity S cont from the measured S eff values using equation [18] ,
where R s is the series resistance of the majority carriers in the bulk, is the base resistivity, W the sample thickness, D the diffusion coefficient and f the metallization fraction. S pass is the surface recombination velocity between and S cont the surface recombination velocity under the contacts. Using equation 2 we determine S cont = (7 2) 10 3 cm/s for process 1. Processes 2 and 3 are reducing the contact recombination velocity to values of (3 0. 
Conclusion
In conclusion, we have presented results on in-line high-rate evaporation of aluminum on silicon substrates. Using numerical simulations, we have shown that the deposition process leads to temperatures of max = 778°C. These conditions lead to the formation of an Al-p + region without any further temperature treatment. We determine a contact recombination velocity of 1000 100 cm/s for local Al-p + regions on silicon wafers of 1.5 cm resistivity resulting in an effective surface recombination velocity of only (50 5) cm/s for a typical rear contacting scheme with a line width of b = 85 μm and a period length of p = 2000 μm.
